Background: This is a progress report of the Alzheimer's Disease Neuroimaging Initiative (ADNI) positron emission tomography (PET) Core. Methods: The Core has supervised the acquisition, quality control, and analysis of longitudinal [
Introduction
Alzheimer's Disease Neuroimaging Initiative (ADNI) was initially conceived as a project designed to help speed drug development by establishing imaging as a reliable and valid biomarker for Alzheimer's disease (AD). As such, the major goal of the positron emission tomography (PET) component of ADNI was to show that [ 18 F]fluorodeoxyglucose (FDG)-PET could serve as an outcome measure to track a drug effect that would provide greater statistical power than routine clinical measures. This required standardization of data acquisition and processing to permit the sort of multicenter data collection that would be necessary for clinical trials. These initial goals have largely been met. Procedures for uploading data, quality control and, most importantly, processing of images to produce final scans with identical image characteristics have all been implemented successfully. These data have been analyzed by multiple laboratories, including analyses by ADNI PET Core laboratories that specifically addressed issues of using FDG-PET as a biomarker for clinical trial outcomes. These results will be discussed later in the text.
Soon after the initiation of the project, it became clear that imaging the Ab protein in fibrillar, aggregated forms using PET was a biomarker of increasing importance. For this reason, an ''add on'' project was initiated in the second year of ADNI, which utilized the tracer [ 11 C]Pittsburgh compound B (PIB). Because of the short half-life of [ 11 C] (20.4 minutes) this tracer requires a radiochemistry program and cyclotron, thus only 14 ADNI sites could participate, enrolling 103 subjects. Nevertheless, a major benefit of ADNI has been the ability to obtain longitudinal follow-up as well as multiple biomarker measurements in the same subjects, so that the PIB data have already proven useful and interesting and paved the way for new studies of biomarkers. The availability of PET amyloid imaging agents labeled with the longer half-life (109.7 minutes) [ 18 F] will provide a way of bringing amyloid imaging to all ADNI PET sites, and these studies are planned for the ensuing phases of the project.
As ADNI has evolved, interest in the use of biomarkers has expanded from a role as an outcome measure to a role in subject selection. This is driven largely by the interest in enrolling subjects with very mild AD for clinical trials, as many agree that effective therapy will likely require very early treatment. This is a problematic situation, however, because many individuals with mild symptoms will show little or no cognitive or functional decline over the course of a clinical trial. Thus, selection of subjects with ''positive'' biomarkers (reflecting AD pathology or more advanced disease) may be a way of enriching a clinical trial cohort for those subjects who are more likely to decline over a short period. ADNI has therefore grown into a broad-based study of AD biomarkers that may be useful for both subject selection and outcome measures. We review some of the major achievements of the ADNI PET core as well as future plans later in the text.
Data acquisition and processing
ADNI was launched in 2003 by the National Institute on Aging, the National Institute of Biomedical Imaging and Bioengineering, the Food and Drug Administration, and private pharmaceutical companies and nonprofit organizations. ADNI is the result of efforts of many coinvestigators from a broad range of academic institutions and private corporations, and subjects have been recruited from over 50 sites across the United States and Canada. For up to date information, see www.adni-info.org.
The ADNI PET core has pioneered the development of standards for quality control and acquisition of FDG-PET and PIB-PET data that are now widely utilized in both academic and pharmaceutical studies worldwide. The key design features of this protocol include: (1) simplicity, permitting multisite application; (2) compatibility with current commercially marketed PET cameras; (3) flexible data acquisition for postprocessing to standardize formats, intensity and resolution; (4) low radiation dose; (5) high patient acceptance; (6) real-time quality assurance and quality control; and (7) centralized storage and standardization of images acquired on different scanners. The protocol has been successfully implemented at all ADNI PET sites in North America and has been adopted by several pharmaceutical clinical trials and the Japanese ADNI. The protocol was developed collaboratively among ADNI investigators, with input from the sites and an outside panel of experts. In addition, in the PIB ''add-on'' we developed a standardized protocol for the acquisition of PIB-PET data that has also been widely adopted.
During the first 2 years of the project, sites were approved for PET scanning by performing a pair of phantom scans on the 3-D Hoffman brain phantom following a protocol that matched the acquisition and reconstruction parameters to be used for the human phase of the ADNI project and electronically transmitting these images to the Laboratory of Neuroimaging at the University of California, Los Angeles. Scans were passed through a quality control process that checked for statistical noise, agreement with a digital version of that phantom (the gold standard), and assessed for image resolution and image uniformity. This process also helped develop a method for assessing and correcting for differences in PET images across sites [1] . There are a total of 17 different scanner models from three vendors that have been used by participating ADNI sites. Intrinsic resolution differs by more than a factor of two across scanners, from as high as 3-4 mm to as low as 8 mm effective resolution, thus requiring assessment of resolution and partial volume effects Human PET studies were first acquired at the start of the second year of ADNI, September 2005. All human PET scans are run through a stringent quality control procedure to assess image quality. Quality control checks include the number of detected coincidence events (for statistical quality), motion assessment across temporal frames, checking for full coverage of the brain, visual checks of images to look for the most common PET artifacts (such as normalization problems or motion between attenuation and emission scans), as well as image header checks to make sure the exact ADNI protocol has been followed. Half the enrolled ADNI subjects underwent FDG-PET, and we now have 404 baseline scans, 368 6-month scans, 336 12-month scans, 154 18-month scans (mild cognitive impairment [MCI] subjects only), 283 24-month scans, and to-date 106 36-month scans (MCI and control subjects only). Besides FDG, approximately one quarter of the PET subjects (n 5 103) also received PIB scans to image amyloid deposition. Repeat scans at a 1-year interval have been performed on 80 of the 103 subjects, while 34 subjects have had a third annual PIB scan.
The original ''raw'' PET image sets are uploaded to the Laboratory of NeuroImaging (LONI) image repository. Routines read and convert PET images sets to a standard Digital Imaging and Communications in Medicine file format. The different temporal frames are coregistered, and both a dynamic image set and a single-frame averaged image set are produced in the original patient orientation and in the original intrinsic in-plane pixel size and plane spacing for that scanner. In addition, all images sets are reoriented to a common spatial orientation and interpolated onto a uniform image grid (1.5 mm 3 voxels). In the final step, images are smoothed with a scanner-specific filter derived from each site's Hoffman phantom [1] to provide a common isotropic resolution of 8 mm full width at half maximum resolution. These processed PET image sets are then uploaded back to LONI in a consistent Digital Imaging and Communications in Medicine (DICOM) format (Fig. 1 ). To date, the quality control failure rate is 11%, which has declined from the initial year of the project when it was above 15%, to less than 7% for the 18-and 24-month scans. The majority of scan failures was due to problems with image reconstruction and could be corrected with reprocessing; less than 2% of scans require rescanning.
FDG data analysis in core PET laboratories
Four Core laboratories have analyzed PET data. Three different approaches were taken to the FDG data. One involved use of prespecified regions of interest (ROIs), another used 3-dimensional stereotactic surface projection (3D-SSP) with Neurostat, a free, noncommercial analysis program [2] , and another lab took a voxelwise approach to the data using statistical parametric mapping (SPM) with separate training and validation data sets. The fourth laboratory performed analyses of the PIB data.
ROI approaches (UC Berkeley)
The methodological approach to the ROI-based data analysis involved the preselection of specific ROIs. This was done by identifying regions cited frequently in FDG-PET studies of AD and MCI patients. We conducted a metaanalysis in PubMed using all permutations of the following Within the studies identified by these terms, we isolated those that listed coordinates representing results of cross-sectional and/or longitudinal voxelwise analyses in which FDG uptake differed significantly between groups, changed in the same individuals over time, or correlated with cognitive performance. This resulted in a total of 292 Montreal Neurological Institute or Talairach coordinates and (if available) their accompanying Z-scores or t-values. The list of studies used to generate these FDG-ROIs is available online as supplementary data to our report on FDG-clinical correlations [3] . All coordinates were transformed into Montreal Neurological Institute template space. Then intensity values were generated for coordinates that reflected a combination of the Z-score or t-value associated with the coordinate and the degree to which coordinates within the same region overlapped (indicating repeated citations of the same region across studies).
To do this, all t-values were transformed to approximate Z scores. Then, overlapping Z scores, when they occurred, were added. The volumes were smoothed with a 14 mm full width at half maximum smoothing kernel. Finally, the volume was intensity normalized using the maximum value, resulting in a map with values between 0 and 1. The crosssectional coordinate map was then thresholded at 0.50, and this resulted in a set of five regions located in right and left angular gyri, bilateral posterior cingulate gyrus, and left middle/inferior temporal gyrus (Fig. 2) . Because these five ROIs were highly correlated, we generated a composite ROI by averaging across each subject. This composite ROI was used in the majority of subsequent analyses.
As noted, one of the original goals of ADNI was to investigate imaging as a biomarker of disease progression. Initial results were recently reported [3] and will be briefly summarized. In essence, we found that in a large sample (approximately 400 subjects comprised of normals, MCI, and AD patients with multiple time points up to 2 years) low glucose metabolism at baseline predicted decline on the Alzheimer's Disease Assessment Scale-Cognitive Subscale (ADAS-cog), and that longitudinal decline in glucose metabolism was associated with longitudinal decline on the ADAS-cog. We also determined that in the setting of a clinical trial, longitudinal metabolic measurements would have greater statistical power for the detection of change than would longitudinal ADAS-cog measurements. For FDG-PET, the number of AD subjects per group to detect a 25% treatment change over 12 months was 180 subjects per arm (power 5 0.80, a 5 .05, two tailed), which was substantially less than for the ADAS-cog.
The availability of multiple bioimarkers in ADNI participants provides a way of comparing these biomarkers to one another. In a recent publication [4] , we investigated relationships between PIB-PET, FDG-PET, and cerebrospinal fluid (CSF) biomarkers (Ab 42 and tau). A unique aspect of the study was the dichotomization of these biomarkers as ''1'' and ''2'' for AD using cutoffs obtained in samples that were distinct from ADNI, and then application of these cutoffs to the ADNI sample. In summary, we found high agreement between PIB and CSF Ab 42 (91% agreement, k 5 .74), but generally modest to low agreement between PIB and other biomarkers. In contrast, FDG-PET was highly correlated with scores on the mini-mental state examination (MMSE) (R 5 .63, P , .0001), whereas both PIB and CSF Ab 42 were not. Together these findings indicate that different biomarker measures of Ab are in agreement, but that non-Ab biomarkers are better indicators of disease status.
Voxel-based approaches (Banner Alzheimer Institute)
Voxel-based analysis of FDG-PET data used the automated brain mapping algorithm SPM5 (http://www.fil.ion. acl.ac.uk/spm/). Along the way, several new image-analysis methods were developed. SPM5 was used to generate statistical maps of between-group differences in regional-to-whole brain measurements of the cerebral metabolic rate for glucose (CMRgl) in probable AD, MCI, and normal control (NC) groups; correlations with categorical and continuous measurements of clinical disease severity; and differences between APOE 34 carriers and noncarriers in each of these groups [5] . In comparison with NC subjects, AD and MCI patients each had significantly lower CMRgl bilaterally in posterior cingulate, precuneus, parietotemporal and frontal cortex, as well as occipital cortex, which were correlated with more severe dementia (measured with the Clinical Dementia Rating (CDR) and MMSE). In comparison with APOE 34 noncarriers in the same subject group, APOE 34 carriers in the NC group had significantly lower CMRgl in several AD-affected regions, supporting previous findings from this group [6, 7] and others [8, 9] . Talairach brain atlas coordinates and measurements from the maximally significant locations were uploaded to the LONI website as a shared resource.
SPM5 was also used to characterize 12-month regionalto-whole brain CMRgl declines in the AD, MCI, and NC groups and provided the foundation to develop the statistical ROI (sROI) strategy and estimate the number of AD and MCI patients needed to evaluate AD-slowing treatments in multicenter randomized clinical trials (RCTs) as described later in the text. The AD and MCI groups each have significant Fig. 2 . These regions of interest (ROIs) were generated as described in the text using clusters of significant voxels from the FDG-PET literature. These were averaged together into a composite ROI for the ROI-based analyses.
12-month CMRgl declines bilaterally in posterior cingulate, medial and lateral parietal, medial and lateral temporal, and frontal and occipital cortex (Fig. 3) , which were significantly greater than those in the NC group and correlated with measures of clinical decline.
Using a voxelwise approach, we developed an ''empirically pre-defined statistical region-of-interest (sROI)'' strategy, providing a single imaging endpoint with improved statistical power to evaluate AD-slowing treatments in RCTs, freedom from multiple regional comparisons, and the ability to customize the endpoint to the subject group and between-scan interval of interest using voxel based image analysis techniques. sROI's were empirically predefined for each subject group and between-scan interval in a training data set from ADNI and then used in ADNI's independent testing data set to demonstrate its power to track sROI-toreference region CMRgl declines and evaluate AD-slowing treatments with a fraction of the number of AD and MCI patients needed using clinical endpoints in 12-, 18-and 24-month parallel-group, placebo-controlled RCTs. These results indicated the ability to detect a 25% treatment effect in 12 months (power 5 0.80, a 5 0.05, two tailed), with 61 AD patients per arm using FDG-PET as an outcome variable, as compared with 612 subjects using the ADASCog. For MCI, an identically powered study over 18 months would require 121 subjects per arm [10] .
Also using a voxelwise approach, we developed a ''hypometabolic convergence index (HCI)'' strategy to automatically capture the AD-related pattern and magnitude of an individual's CMRgl reductions relative to a normal control group, providing a single measurement that might be used in the differential diagnosis, detection and tracking of AD. The HCI was associated with categorical and continuous measurements of AD severity, better power than other biomarker measurements to predict 18-month progression from MCI to probable AD. Using data from another longitudinal study, the HCI was subsequently found to be associated with APOE 34 gene dose in cognitively normal older adults.
Both the sROI and HCI strategies have the potential to be applied to other imaging modalities and voxel-based image analysis techniques. For instance, the sROI strategy was used to track the progression of AD with improved statistical power using structural magnetic resonance imaging (MRI) and tensor-based morphometry [11] . 
3D-SSP approaches
For these analyses, we utilized Neurostat to classify individual subjects and predict outcomes. Neurostat was designed specifically for the study of diseases of the cerebral cortex and to minimize the effects of focal brain atrophy on glucose metabolic rate. It realigns the PET image set to the anterior commissure-posterior commissure stereotactic coordinate system (Talaraich space) to ensure proper orientation for further processing. Next, Neurostat constructs thousands of vectors of fixed length perpendicular to the lateral and medial brain surface and searches for peak values to a depth of 6 voxels. Thus it generates approximately 16,000 predefined surface pixels covering the entire cortex, including the medial aspect of the two hemispheres. Neurostat also calculates the mean value from 20 predetermined anatomically defined regions in both hemispheres and in pons. By using peak values rather than rates derived from fixed coordinates, the mismatch of sulcal folds and partial volume effects of atrophy are minimized. These surface values are used to construct a comprehensive set of orthogonal SSP maps. Finally, metabolic images of glucose metabolism relative to the pons and images of Z-score values relative to metabolism seen in cognitively normal subjects are constructed for visual inspection and comparison with calculated regional values.
Numerical summary measures used to calculate sample sizes for a clinical trial, and to examine the relationship with cognitive measures were (1) the number of surface pixels with values .2 standard deviations (SD) below the normal control population, (2) the number of surface pixels with values .3 SD below the normal controls, (3) sum of Z score values .2 SD below normal controls, (4) Z score values based upon a regression of pons values in serial studies of an individual, (5) glucose metabolism relative to pons measured in a predetermined surface region representing the frontal cortex, and (6) glucose metabolism relative to pons averaged in frontal, parietal, and temporal association cortices. Numerical summary measures 1-4 are the PET Core's only measures of topographic extent of glucose metabolism, a novel outcome. These summary measures and Neurostat images warped into Talaraich space are available on the LONI website for interested investigators.
The Neurostat approach is especially suited for classification of individual images, which we have previously demonstrated can differentiate AD and frontotemporal dementia (FTD), showing specificity of the FTD pattern of hypometabolism using 3D-SSP of .97% [12] . Using this approach in ADNI, we found that 10/93 (10.8%) of AD subjects in ADNI clearly have an FTD pattern of hypometabolism. Similar analyses performed in ADNI normal and MCI subjects find occasional patients with patterns suggesting FTD or AD. We have suggested that misdiagnosis may be contaminating many AD research studies, and FDG-PET could improve the diagnostic accuracy of subjects enrolled in clinical trials [13] . Interestingly, the proportion of subjects with an AD diagnosis and FTD pattern is similar to the proportion of PIB-AD patients.
Neurostat permitted the examination of the relationship between the topographic extent of glucose hypometabolism (measured with 3D-SSP) and subsequent diagnosis. We found that the topographic extent of hypometabolism at baseline was greater in MCI subjects who converted to AD by 1 year, than in MCI subjects who continued to be classified on clinical grounds as MCI. We found that variation in the number of abnormal pixels largely reflected the timing of conversion, with patients who converted at 6 months having a greater extent of hypometabolism than those who converted later. Perhaps not surprisingly, converters had an AD-like Fig. 4 . SSP Images in ADNI MCI subjects by diagnosis at 12 months after imaging. pattern of hypometabolism. The pattern of average Z-scores in nonconverters shows little abnormality, whereas 6-month converters show more extensive hypometabolism than 12-month converters (Fig. 4) .
Analysis of amyloid imaging with [ 11 C]PIB
The PIB-PET add-on study began its third year in May 2009. To date, 103 baseline PIB-PET studies have been completed at 14 participating ADNI PET centers in 19 elderly cognitively normal controls (mean age 5 78, MMSE 5 29), 65 MCI subjects (mean age 5 75, MMSE 5 27), and 19 AD subjects (mean age 5 73, MMSE 5 22).
Regional assessment of the PIB-PET data involved sampling 13 different brain areas using an automated region of interest (ROI) template method. The template analysis method was based on the MRI of an elderly MCI subject (79 years), who was purposely chosen to represent a moderate degree of atrophy. Each subject's MRI scan was warped into MCI-Template space and then the same parameters were applied to the subject's PIB-PET scan, resulting in alignment of the MRI and PIB-PET to the MCI-Template. The MCITemplate ROIs were then used to sample the warped PIB-PET images. Fig. 5 shows regional brain PIB-PET values in all 103 subjects in four cortical ROIs. In addition, a four region average (4 Reg Avg) value of all four ROIs was calculated for each subject. Positive amyloid deposition (PIB1) was defined when the SUVR (standardized uptake value ratio in the region relative to cerebellar gray matter) exceeded a regional value of 1.50 in the four region average (red line in Fig. 5 ). This PIB(1) cut-off value was based on studies in a large group of cognitively normal control subjects studied at the University of Pittsburgh and was described in a recent paper [14] . The PIB-PET data from these ADNI studies were generally consistent with literature reports from a variety of laboratories throughout the world. The control subjects were comprised of two subgroups: one subgroup with relatively high SUVR values exceeding the PIB(1) cut-off value of 1.50 (9 of 19) and another subgroup with relatively low SUVR values below the cut-off value (10 of 19) (Fig. 5) . Most literature studies using PIB have shown the frequency of amyloid-positivity in elderly cognitive control subjects (average age, 80 years) to be in the range of 30%. In the ADNI PIB-PET cohort, we found a higher frequency of PIB-positivity of 47%. Although the prevalence of PIB positivity is high, as shown above there is high congruence between PIB and CSF Ab measures [4] . As these control subjects will be studied longitudinally over the next few years, it will be interesting to determine whether their PIBpositivity becomes more robust and whether this change correlates with changes in cognition. The AD group showed PIB-positivity in 17 of 19 subjects (89%). This seems to be typical of many centers throughout the world, which find that 10%-20% of their clinically diagnosed AD subjects are PIB-negative. Whether this is a reflection of inaccurate clinical diagnosis or the failure of PIB to detect amyloid deposits in a small fraction of AD subjects must await future post-mortem confirmation studies. Finally, the MCI group was comprised of an apparent continuum of PIB values, ranging from very PIB-negative to very PIB-positive with a number of subjects in an intermediate zone around the cut-off value of 1.50 SUVR units. For the ADNI MCI cohort, 18 of 65 MCI subjects were PIB(2) (28%) and 47 of 65 MCI subjects were PIB(1) (72%). These values agree with the literature, which typically shows about 65% of MCI subjects studied to be PIB (1) .
As of January 2010, 80 PIB-PET 1 year and 34 PIB-PET 2 year longitudinal ADNI studies have been completed. Data from all 1 year longitudinal studies have been processed by the University of Pittsburgh PET Group and posted on the LONI website (Fig. 6 ). These include 17 cognitively normal control, 50 MCI, and 13 AD subjects. In all subject groups, there were small and insignificant changes in group average SUVR values over 1 year of follow-up. These results are consistent with literature reports of group average changes over 2 years [15, 16] . However, if individual subjects are followed longitudinally, significant changes over time can be discerned. Using reliable change index methods [17] to track changes in individual subjects has been helpful in this regard. For application of the reliable change index method to the PIB-PET longitudinal cohort, measurement variability was determined as the standard deviation from test-retest PIB-PET data from the University of Pittsburgh, comprised of 22 subjects (seven controls, nine MCI, and six AD) who received two PIB-PET scans within 28 days. The four Region Average test-retest SUVR standard deviation of these data was 0.13 SUVR units. Hence, a change cut-off value of 0.215 SUVR units (delta-SUVR value) was determined to be a significant change in the four Region Average SUVR value of any subject with a confidence level of 95% and a Z-score of 1.645. The number of PIB(1) and PIB(2) subjects with significant increases in the four Region Average SUVR value (.0.215 SUVR units) over 1 year of followup is shown in the Table 1 . Across all subject groups, the number of significant PIB(1) subjects showing increases was 12 of 55 subjects (22%), whereas only two of 25 (8%) PIB(2) subjects increased. The group with the largest number of changes over 1 year of follow-up were the PIB(1) controls, in which three of eight subjects (38%) showed significant increases.
Future plans for ADNI
The next activities of the PET core in ADNI will focus on developing and implementing similar protocols for amyloid imaging using the [
18 F] labeled amyloid imaging agent AV45. Because of its longer half life [ 18F ]AV45 can be delivered to virtually all ADNI sites from existing commercial radiopharmacies. [ 18 F]AV45 is currently in FDA Phase III studies for use as an amyloid imaging agent. Preclinical data on this compound have been reported [18] , and it has many favorable properties including a dissociation constant of 3.7 6 0.3 nM, well within the range of other effective compounds ([ 11 C]PIB has a K d of 2 nM). Nineteen clinical trials have been completed or are currently underway with AV45, and more than 1000 subjects have undergone AV45-PET imaging worldwide. Studies so Table 1 Number of PIB (1) far show favorable qualities such as safety, brain uptake, pharmacokinetics, and amyloid imaging properties. As shown in Fig. 7 , the kinetics are favorable, reaching steady state relatively early so that images obtained relatively soon after injection can be used for quantitation. This factor combined with the longer half life of [ 18 F] makes short imaging times (10-20 min) at about an hour after injection a very practical method of obtaining data for quantitation. Images obtained using equilibrium models, late images, or late standardized uptake value ratios (with cerebellum as a denominator) all show a pattern of binding identical to that seen with other amyloid tracers such as [
11 C]PIB--that is, retention in cortical regions in AD patients that is most notable in precuneus/posterior cingulate, medial inferior frontal cortex, and other regions of association cortex (Fig. 7) .
In the next phase of ADNI, all participants will receive amyloid imaging with [ 18 F]AV45, and at the same time point these subjects will be studied with FDG-PET as well as MRI and CSF and blood biomarkers. By following these subjects over time, the relative changes in these biomarkers at different disease stages will be defined, paving the way for future clinical trials and interventions.
